Many preclinical treatment strategies for stroke have failed when tested in human trials. Although the reasons for these translation failures are multifactorial, one potential concern is the statistical analysis of the preclinical data. One way to rigorously evaluate new therapies is to use an intention-to-treat analysis in preclinical studies. Therefore, in this study, we set out to evaluate the treatment efficacy of a potential clinically relevant therapeutic agent for stroke, i.e., anti-Nogo-A immunotherapy, using an intention-to-treat analysis. Adult rats were trained on the skilled forelimb reaching task and subsequently underwent an ischemic stroke. Nine weeks later, the rats either received intracerebroventricular antiNogo-A antibody, control antibody, or no treatment. Skilled reaching performance was assessed by a non-linear model using both an intention-to-treat and per-protocol analysis. Following testing, dendritic complexity was evaluated in the contralesional and perilesional sensorimotor cortex. Both intention-to-treat and per-protocol analysis showed that antiNogo-A immunotherapy resulted in statistically significant improved recovery on the skilled forelimb reaching task, although treatment effect was less (though statistically significant) in the intention-to-treat group. Improved functional performance was not shown to be associated with dendritic changes. In conclusion, this study provides evidence for the importance of using intention-to-treat paradigms in testing preclinical therapeutic strategies.
Introduction
Neuronal damage following ischemic and hemorrhagic stroke often leaves patients with serious and long-term disabilities affecting many facets of their lives including cognition, language, vision, and mobility. 1, 2 Presently, over six million stroke survivors are living within the United States alone and it is estimated that an additional 795,000 new or recurrent strokes occur each year. 2 Over recent years, the treatment of acute ischemic stroke has improved with the ability to use tissue plasminogen activator (t-PA) for clot dissolution 3 and endovascular thrombectomy for clot retrieval [4] [5] [6] [7] [8] in appropriate patients and certain stroke subtypes. However, in both instances, therapy is limited by the amount of time that has passed since the onset of symptoms and often patients are still left with considerable deficits. As such, the development of strategies to enhance neural repair following stroke is of utmost clinical importance.
To date, there have been many therapeutic agents and strategies found to be efficacious in animal models of stroke but have failed the translation to humans. Multiple factors contribute to the treatment failure of these preclinical agents, 9, 10 and it is likely that experimental design plays an important role. A meta-analysis evaluating treatment efficacy and preclinical study design found that larger estimates of treatment efficacy were associated with poor methodological study design quality. 11 Furthermore, unlike human trials, very few preclinical animal studies use an intention-to-treat (ITT) design where data from all subjects are analyzed as randomized regardless of any protocol or treatment deviations. 12 Therefore, one way to improve the quality of preclinical studies is to use an ITT paradigm in order to increase the validity of preclinical testing. [13] [14] [15] [16] Therefore, in this study, we used an ITT paradigm to evaluate the effectiveness of anti-Nogo-A immunotherapy in promoting sensorimotor recovery in animals with a large variety of stroke deficits ranging from moderate to very severe and given at the time point of nine weeks post-stroke. This promising new approach for neural repair after stroke involves blocking the function of Nogo-A, a protein that restricts neuronal plasticity in the adult central nervous system (CNS). 17 Nogo-A is expressed on many cell types including the membrane of oligodendrocytes and restricts the outgrowth of neurites after CNS injury through intracellular signaling cascades involving two inhibitory domains, Nogo-66 and Nogo-A-D20, and their corresponding receptors. [18] [19] [20] [21] [22] [23] Based on preclinical testing, we and other investigators have reported that anti-Nogo-A therapy resulted in improved functional outcome, enhanced axonal and dendritic remodeling and increased dendritic spine density in the contralesional sensorimotor cortex after stroke 17, [24] [25] [26] [27] [28] [29] and as reviewed by Kumar and Moon. 30 Importantly, we set out to rigorously test this therapy using an ITT paradigm in order to improve the validity of these results and to hopefully improve the likelihood that this treatment could be successfully translated from preclinical to human trials.
Methods
The animal studies were approved by the Institutional Animal Care and Use Committee and conducted in the AAALAC accredited animal facility of Edward Hines Jr. Veterans Affairs Hospital. The studies were performed in compliance with the U.S. Department of Agriculture Animal Welfare Act regulations and the National Institutes of Health's Public Health Service Policy. The ARRIVE guidelines were followed for the preparation of this manuscript.
Animal subjects
A total of 68 adult male Long Evans black-hooded rats of 4 cohorts (2 months of age at the start of the study, HsdBLU:LE, Harlan Laboratories IN, Barrier 217) were used. Rats were housed in standard cages (2 rats per cage) with a 12-h light/dark cycle. Rats had access to fresh water and were fed standard laboratory chow (Harlan 2018 Rodent Diet). Rats were food restricted to 95% of their predicted weight by age starting one week after arrival in the animal facility. All animals and treatments were number coded, prepared by a laboratory member not participating in the study. Investigators conducting treatment surgeries, behavioral testing and neuroanatomical analyses were blind to the treatment conditions throughout the experiments. Codes were broken after all the individual data points were analyzed.
Experimental timeline and overview
The experimental timeline for various stages of this study is shown in Figure 1 , while Figure 2 displays the flowchart and number of animals at each stage. 
Skilled forelimb reaching task
The skilled forelimb reaching task is a sensitive skilled motor task designed to test voluntary skilled forelimb function in normal as well as brain damaged rats 31, 32 and has been validated in various forms of neurological injury, including focal ischemic stroke in the rat as done in our previous studies. 17, [25] [26] [27] [28] 33, 34 Rats were placed in a Plexiglas chamber (30 Â 36 Â 30 cm) and trained to reach for a round sucrose pellet (45 mg; Bilaney Consultants, Frenchtown, NJ) through a rectangular opening (height by width ¼ 30 by 15 mm). Rats were trained daily, until a success score of 15 or better out of 20 pellets was obtained for three consecutive days using their self-selected preferred forelimb. The final location of the pellet placement was 3 mm lateral to the midline opposite to the preferred limb and 10 mm from the window opening. A successful reach was defined as a pellet that had been grasped by the rat with the preferred forelimb, pulled back inside the reaching apparatus, and placed in the mouth without being dropped.
Stroke surgery
A focal ischemic stroke was induced by using the middle cerebral artery occlusion (MCAO) method as described in Chen et al. 35 and as in our previous work. 17, [25] [26] [27] [28] 33, 34 Rats were anesthetized with isoflurane (3% in oxygen) and core body temperature was maintained during the entire procedure between 37 to 38 C. The bilateral common carotid arteries (CCA) were first isolated from an anterior cervical neck incision and the common carotid artery ipsilateral to the hemisphere corresponding to the preferred forelimb was permanently ligated using a 4-0 silk suture. Rats were then placed in a stereotaxic frame and a 2 cm vertical incision was made between the eye and ear. Bupivacaine (1.5 mg/kg) was injected subcutaneously along incision lines before the incision and also applied on the skull before burr hole drilling. The temporalis muscle was retracted and a burr hole was made to expose the middle cerebral artery (MCA) that was ligated with a 10-0 suture and then transected with microscissors. The contralateral CCA was temporarily occluded for 45 min using an aneurysm clip. After the aneurysm clip was removed, all wounds were closed and animals were kept warmed until awake. Animals received 2 ml of normal saline (i.p.) after surgery and were monitored during the post-op period until fully awake and able to eat and drink.
A priori inclusion/exclusion criteria All rats (n ¼ 68) were trained to successfully reach at least 15 out of 20 pellets for three consecutive days and then underwent an MCAO stroke procedure to result in ischemia in the forelimb cortex associated with the preferred forelimb. After stroke, all surviving rats (n ¼ 59) were tested on the skilled reaching task once a week to assess for spontaneous recovery. At the end of week eight, rats were assessed for a new post-stroke baseline for three consecutive days. Rats were randomized at week nine to undergo treatment if they were able to reach with their impaired forelimb through the window in the skilled reaching apparatus and at least touch the pellets on some attempts out of 20 total. Deficit severity was based on the success score attained during the skilled reaching task as follows: moderate (5 < Â < 10), severe (0 < Â 5), very severe ( ¼ 0). Rats (n ¼ 23) that scored 10 or more out of 20 successful pellets (mild deficit) at any time during post-stroke skilled reaching testing were excluded from the study.
ITT dataset
The ITT dataset initially included all 68 animals that underwent focal ischemic stroke. Nine animals died following stroke and post-stroke reaching data were collected from 59 animals. During the post-stroke period of 8 weeks waiting for treatment, a total of 23 animals were excluded due to obtaining 10 or more pellets out of 20 (thought due to spontaneous recovery). Therefore, a total of 36 animals from 4 cohorts were randomized into three treatment groups, taking into account the severity of their stroke deficit. The three experimental groups treated at nine weeks post-stroke consisted of: stroke/11C7 Ab (n ¼ 14), stroke/control Ab (n ¼ 12), and stroke only (n ¼ 10).
Per-protocol dataset
Additional exclusion criteria were applied to the PP dataset due to experimental protocol deviations. These exclusions were performed post-randomization. Animals were excluded from the PP analysis due to antibody infusion pump disconnections, behavioral abnormalities that interfered with assessment of the skilled forelimb reaching score, displaying absolute reliance on using the unimpaired forelimb during the skilled reaching task, displaying no functional spontaneous recovery post-stroke prior to treatment initiation, i.e. very severe deficit (success score ¼ 0/ 20), and severe subcortical striatal damage (total n ¼ 11). After these exclusions, the three experimental groups in the PP dataset consisted of: stroke/11C7 Ab (n ¼ 8), stroke/control Ab (n ¼ 9), and stroke only (n ¼ 8).
Intracerebroventricular antibody infusion
Antibody infusion was initiated at the beginning of week 9 post-stroke as previously reported. 28 Rats were placed in a stereotaxic frame and a midline incision was made in the scalp. Bupivacaine (1.5 mg/kg) was injected along the incision line before incision and applied on the bone before burr hole drilling. A burr hole on the same side as the stroke lesion was made to expose the cerebral cortex. A cannula was placed into the lateral cerebral ventricle at coordinates 1.3 mm lateral, 0.8 mm posterior, and 3.8 mm ventral (relative to bregma) and was secured to the skull with cyanoacrylate gel. Through a mid-scapular incision, an Alzet osmotic mini-pump (model 2ML2; Durect Corporation, Cupertino, CA, USA) was implanted subcutaneously posterior to the scapulae and connected to the cannula with polyethylene tubing. Either purified mouse monoclonal anti-Nogo-A antibody (11C7; IgG1) or control antibody (anti-bromodeoxyuridine, IgG1) was infused at a rate of 12.5 mg/h (2.5 mg/ml) for two weeks, after which the animals were again anesthetized and the pumps removed.
Perfusion and Golgi-Cox staining
At the end of the behavioral study, rats were overdosed (pentobarbital 100 mg/kg) and transcardially perfused with 0.9% saline plus heparin (10,000 units/L). The brains were removed and immersed whole in GolgiCox solution 36 for two weeks. The brains were then coronally sectioned at 200 mm on a vibratome, mounted on 2% gelatinized slides and reacted as described by Gibb and Kolb. 37 Slides were coded to blind the experimenters to antibody treatment groups.
Stroke lesion size analysis
All the Golgi-Cox-stained coronal brain sections (ranging from 40-50 sections/rat) were quantitatively analyzed (þ4.7 to À5.2 mm from bregma) according to Paxinos and Watson 38 using a computer-interfaced imaging system (NIH Image) by the method as described previously. 17, 39 Stroke size was expressed as a percent of the intact contralateral hemispheric area (total area of the intact contralateral hemisphere minus total area of the intact ipsilesional hemisphere over total area of the intact contralateral hemisphere).
Neuroanatomical analysis
Layer V pyramidal neurons were located within the contralesional and perilesional caudal forelimb area (CFA) with the aid of an atlas 38 and according to previous electrophysiological studies. 40 Criteria for inclusion in the analyses were that the neuron had to be well impregnated with Golgi-Cox stain, unobstructed by other dendrites, blood vessels or glia, and that the dendritic arborization was intact and visible in the plane of the section. An average of 6 apical and basilar dendritic trees of layer V pyramidal neurons were traced using Neurolucida software (MBF) interfaced with a Leica DM 4000B microscope using a 40 Â objective. Dendritic trees were analyzed for dendritic length and number of branch segments using the branched structure analysis tool in Neurolucida. Branches emanating directly from the apical shaft (apical dendrites) or from the cell body (basilar dendrites) were considered first order. Dendritic analysis was performed on the animals in the entire ITT dataset.
Statistical analysis
An alpha value of less than 0.05 was considered statistically significant for all data analyzed. Total stroke lesion size and dendritic complexity were analyzed using a one-way ANOVA (SPSS, Chicago, IL, USA). Skilled reaching data were analyzed using the statistical software SAS (SAS, Institute, Cary, NC, USA) to generate a non-linear mixed effect logistic regression model of the reaching data. This approach to modeling recovery data using a non-linear analysis has been found by us and others to be more accurate and sensitive in modeling the natural recovery curves seen following CNS injury as reported. [41] [42] [43] The data were fit to a threeparameter binomial logistic exponential function as shown in equation (1) and explained below
ð1Þ P(t) signifies the probability of success at time t (number of successful pellets out of 20), 1 signifies the upper asymptote (final success score reached at plateau), 2 signifies the y-intercept (initial pre-treatment stroke severity), and 3 signifies the rate of the equation (rate of recovery). The success probability, P(t), is a function of time, and it has the usual ''S-shape'' observed in practical biomedical modelling. The ''t-7'' in the exponent shifts the origin since in so doing, the 2 parameter is the so-called lower asymptote, or the success probability at baseline (t ¼ 7 weeks). As time progresses (i.e. as t increases), the model for the success probability increases to the ultimate probability 1 parameter, and the 3 parameter controls the rate of increase of the probabilities. Estimates of the model parameters were obtained by standard software using maximum likelihood estimation techniques (see supplemental Figure 1) .
A likelihood-based Chi square ( 2 ) test was used to determine statistical differences between group parameters. The skilled reaching outcome variable is binomial (success or no success) and therefore the dataset was modeled by a 2 distribution. Fitted models were contrasted by using 2 likelihood-based ratio tests.
Results

Stroke lesion size and location
The stroke lesion size varied as shown in Figure 3(a) . The largest lesions ($40-45% stroke size) involved the majority of the unilateral rostral-caudal hemisphere including the rostral forelimb motor area, varying levels of damage to the caudal forelimb motor area, and minimal to severe damage to the dorso-lateral striatum. The smallest lesions ($15% stroke size) damaged a limited portion of the cortex involving primarily the CFA with minimal damage to the rostral forelimb area and dorso-lateral striatum. Total stroke lesion volume was measured for all animals and expressed as a percentage of the intact contralateral hemisphere. There was no statistical difference in stroke size across groups in either the ITT (F(2, 32)
ITT stroke lesion volumes were found to be 27.7 AE 1.9 % in the stroke/anti-Nogo-A antibody group, 29.6 AE 1.9 % in the stroke/control antibody group, and 28.4 AE 2.3 % in the stroke only group (Figure 3(b) ). PP stroke lesion volumes were found to be 27.0 AE 2.6 % in the stroke/anti-Nogo-A Ab group, 27.0 AE 1.2 % in the stroke/control Ab group, and 27.1 AE 2.7 % in the stroke only group (Figure 3(c) ).
Skilled reaching performance
For the skilled forelimb reaching performance, both the raw data set (Figure 4 
Dendritic complexity
Following the completion of sensorimotor testing, animals were perfused and processed for analysis of neuronal morphology using the Golgi-Cox method. Layer V pyramidal neurons were selected in both the contralesional and perilesional caudal forelimb motor cortex for analysis. Anti-Nogo-A immunotherapy resulted in no discernible effect on the complexity of the apical arbors of contralesional ( 
Discussion
The present study demonstrates that there is an extended treatment window for the use of anti-Nogo-A immunotherapy to improve sensorimotor function in adult rats with moderate to severe stroke deficits. Adult rats treated with anti-Nogo-A antibodies at nine weeks post-stroke significantly recovered skilled forelimb reaching ability in both the ITT and per-protocol (PP) analyses when compared to the control groups. To our knowledge, the present study is the first strict ITT analysis of anti-Nogo-A efficacy at a clinically relevant chronic time point and in a population that includes animals with severe and very severe stroke deficits and corresponding large stroke sizes. Based on these results, we can conclude that anti-Nogo-A immunotherapy is effective chronically after stroke and after the lesion-induced neuroplasticity-promoting environment in the brain is thought to have diminished, 44 ,45 thereby validating our previous report.
28
For anti-Nogo-A immunotherapy in animals with moderate to very severe stroke deficits, the data were first evaluated using an ITT analysis. Although this approach may lead to conservative estimates of efficacy, it provides the most valid assessment of meaningful differences across groups and is considered the gold standard approach to data analysis in human clinical trials. 46, 47 Our ITT population treated with anti-Nogo-A immunotherapy included animals with a range of deficit severity including those with moderate deficits (36 %), severe deficits (50 %), and very severe deficits (14 %). Our results showed that only animals with moderate to severe deficits improved after antiNogo-A immunotherapy. Animals in the very severe category showed no improvement on the skilled reaching task (see supplemental Figure 2 ). Therefore, these results show that the effectiveness of anti-Nogo-A immunotherapy (as determined by the skilled forelimb reaching task) may be attenuated if there is no residual ability to grasp with the forelimb digits prior to treatment.
Next, we set out to see how the efficacy of antiNogo-A immunotherapy is affected by post-randomization exclusions, i.e. PP analysis. Firstly, animals were excluded if, upon removal, the intracerebroventricular antibody pump was found to be disconnected, thereby potentially supplying a suboptimal therapeutic dose of antibody to the animal. Secondly, animals were excluded when displaying reliance on using the unimpaired forelimb during the skilled reaching task. These animals primarily used their ''good'' forelimb in reaching, leading to inaccurate success score numbers. Thirdly, animals were excluded if they displayed an ''absolute deficit,'' when after stroke, no pellets were ever successfully grasped. Fourthly, rats were excluded with very severe subcortical damage (complete damage of dorso-lateral striatum), as damage to the striatum has been shown to result in impairment of initiation of reaching and severe forelimb dysfunction. 48, 49 It is important to note that these exclusions left the total number of rats remaining in the PP category at n ¼ 25, indicating a large 'drop-out' and the need for enough animals at the beginning of the study, typically more than calculated by a power analysis. Our PP results showed that once these animals were excluded from the study, the animals in the anti-Nogo-A immunotherapy group showed an even greater recovery. Although the mean total stroke size per treatment group did not change between the ITT and PP datasets, the distribution of stroke deficit severity at time of treatment in the population was affected. Our PP population with anti-Nogo-A Ab treatment included animals with moderate (50%) and severe deficits (50%), while animals with very severe deficits were excluded. Animals treated with anti-Nogo-A antibody had a final recovery of 54% in the PP analysis compared to 33% in the ITT analysis. These results suggest that when limiting the analysis, we can expect a greater improvement of sensorimotor function than is suggested by the ITT analysis. Therefore, this study supports the perspective that post-randomization exclusions lead to the reporting of greater effects, and preclinical data can best be interpreted with inclusive reporting of all subjects.
The improved functional recovery after stroke and anti-Nogo-A immunotherapy in this study is consistent with numerous other studies demonstrating anti-Nogo-A efficacy at various time points after stroke (see reviews Kumar and Moon 30 and Schwab and Strittmatter 50 ). We have shown that treatment with anti-Nogo-A immunotherapy when started immediately, 17 one week, 26, 27, 33, 41 and nine weeks 28 poststroke in adult rats with moderate stroke deficits significantly improved recovery beyond control antibody treatment. In our earlier studies, success scores approached an almost complete return to baseline function in the skilled reaching task. However, in the present study, we found a more modest recovery plateau. The difference in recovery between studies is likely due to a larger mean stroke size in the present study, therefore resulting in more severe stroke deficits.
Given the functional recovery seen in the present study, we evaluated potential neuroanatomical correlates of improvement. Multiple studies by our laboratory and others have shown that anti-Nogo-A treatment leads to axonal and dendritic reorganization (neuroplasticity) that is associated with functional recovery after stroke 17, 25, 26, 28 and silencing newly formed axonal connections abolished anti-Nogo-A therapy-induced functional improvement. 51 Therefore, we evaluated dendritic structural plasticity in the contralesional and perilesional forelimb motor cortex. However, our study did not show evidence of changes in the complexity of layer V pyramidal neurons in the contralesional and perilesional caudal forelimb motor cortex. These results underscore the difficulty in relating neuroanatomical plasticity with recovery of function and potentially imply other factors that are responsible for the functional recovery seen in these experiments. For example, it is possible that anti-Nogo-A immunotherapy may enhance plasticity in pyramidal neurons found within areas such as the contralesional rostral forelimb motor cortex 40 or the contralesional striatum. Earlier studies have shown that Nogo-A plays a role in dendritic structure, as in Nogo-A knockout mice, where cerebellar Purkinje cells were found to have larger and more complex dendritic trees as compared to wild-type mice. 52 Furthermore, we previously reported that antiNogo-A immunotherapy given immediately post-stroke resulted in increased dendritic complexity in contralesional layer V pyramidal neurons observed at six weeks post-treatment. 25 Therefore, in the present study, we may have missed any dendritic changes due to the prolonged delay of treatment (nine weeks) plus the long post-treatment time of 12 weeks. Earlier time points to determine dendritic complexity will be evaluated in future studies.
In conclusion, in this study, we found that antiNogo-A immunotherapy was efficacious at nine weeks post-stroke for improving sensorimotor recovery in rats with moderate to severe stroke deficits and is a promising therapeutic strategy for improving disability after stroke, even long after the ischemic injury has taken place. Also important is the finding that the recovery with anti-Nogo-A immunotherapy varies based on post-randomization exclusions and on initial stroke severity. It is suggested that pre-clinical studies testing therapeutic interventions report ITT and PP analyses to increase the likelihood of translating therapies that have the greatest chance of succeeding in human trials.
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